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TUNEABLE CURRENT MODE RMS DETECTOR

Predrag B. Petrovié

A new realization of RMS detector, employing two CCCIIs (controlled current conveyors), metal-oxide-semiconductor
transistors and single grounded capacitor is present in this paper, without any external resistors and components matching
requirements. The proposed circuit can be applied in measuring the RMS value of periodic, band-limited signals. The
proposed circuit is very appropriate to further develop into integrated circuits. The errors related to the signal processing
and errors bound were investigated and provided. To verify the theoretical analysis, the circuit PSpice simulations have also

been included, showing good agreement with the theory.
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1 INTRODUCTION

RMS (root-mean square) amplitude is a consistent,
useful and standard way to measure and compare dy-
namic signals of all shapes and sizes. RMS detectors of
various designs can be found in many applications in
the fields of communication and of measurement systems
[1,2]. RMS detectors based on Joule heating provide good
accuracy and wide bandwidth. However, the rather com-
plex packaging requirements do not lead to a low-cost
solution. Diode detectors based on the square-law are tra-
ditionally employed in communication systems as a form
of power measurement because of their favourable high-
frequency performance and low-cost. However, elaborate
compensation techniques are required to make them meet
the demands of most applications. Dynamic range and
temperature stability also limit their application.

Different methods have been reported for the precision
measurement of the RMS value of an AC voltage, such as
sampling [3], Monte Carlo [4], and the wavelet transform
[5, 6]. The implicit RMS converter described in [7-12], has
been used for many years. Although many data sheets and
textbooks include a mathematical discussion of the oper-
ation of these circuits, this type of RMS detector design is
seen as insufficiently efficient in adequately processing the
input multi-harmonic signals. Most of these devices are
similarly built up from two main parts: a full-wave rec-
tifier (or absolute-value) circuit and a multiplier/divider
circuit employing a log-antilog principle. Due to the band-
width and the slow rate of the full-wave rectifier, the high-
frequency performances of these devices are limited to
less than 5 MHz. Design techniques based on bipolar dy-
namic trans-linear circuits have been proposed to imple-
ment true RMS-to-DC converters [13, 14]. Although these
scheme require only NPN transistors, their circuits are
operated in only one quadrant and employ full-wave rec-
tifier. A new design technique for RMS-to-DC converter

that design around a dual trans-linear-based squarer cir-
cuit is proposed in [15,16], where the input current can
be a two-quadrant current signal. Because the full-wave
rectifier is not required by this conversion scheme, the
circuit exhibits a wide bandwidth, but limited compared
to thermal-based or diode-based detectors (due to input
interference) [17].

Second-generation current conveyors (CCIIs), first in-
troduced in [18], are functionally flexible and versatile.
The current-mode circuits have been receiving consid-
erable attention due to their potential advantages such
as inherently wide bandwidth, higher slew-rate, greater
linearity, wider dynamic range, simple circuitry and low
power consumption. The CCII is a reported active com-
ponent, especially suitable for a class of analogue signal
processing. However, the CCII based circuit for measure-
ment the RMS value of multi-harmonic voltage signal
has not been reported so far [19]. On the other hand,
the CCII can not control the parasitic resistance at x
(Ry) port so when it is used in some circuits, it must
unavoidably require some external passive components,
especially the resistors. This makes it not appropriate for
IC implementation due to occupying more chip area, high
power dissipation and without electronic controllability.
The introduced second-generation current controlled con-
veyor (CCCII) has the advantage of electronic adjusta-
bility over the CCII [20]. Also, the use of dual-output
current-conveyors is found to be useful in the derivation
of current-mode single input circuits [21-23].

The features of the proposed circuit are that: the cir-
cuit description is very simple; it employs two CCCIIs and
single grounded capacitor as passive component, which is
suitable for fabrication in monolithic chip, which makes it
suitable for high-frequency operations [24]. The time con-
stant of integrator can be electronically controlled [25].
Differently form previous works, exact integration on a
period is performed instead of estimating the mean value
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Fig. 1. The proposed realization of RMS circuit
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Fig. 2. Schematic of the CMOS CCCII

with a low pass filter. In terms of frequency range, the pro-
posed circuit operation covers a wide range of as many as
six decades, with increased linearity and precision in de-
termining the effective value. The performance of the pro-
posed circuit are illustrated by PSpice simulations, they
show good agreement with the calculation.

2 PROPOSED RMS MEASURING CIRCUIT

The proposed circuit for measuring the RMS value
of multi-harmonic, band-limited input signal is shown
in Fig. 1. The NMOS transistors (71,75) have positive
threshold voltage Vi, , while the PMOS transistor 75 has
negative Vr,. The y port of the first CCCII is biased at
the threshold voltages of the MOS transistors as V1 =
_VTn and V32 = —VTp.

By introducing self-biasing, it is possible to avoid the
necessity for external biasing and the entailing require-
ments for special band gap bias circuits; since all the in-
ternal bias voltages and currents are generated from each
other, the bias levels are completely determined by the
operating conditions.

The characteristics of the ideal CCCII are represented
by the following hybrid matrix

I, 0 0 0]V,
Vol =|1 R, 0| |L (1)
L. 0 +1 0] |V,

If the CCCII is realized using CMOS technology, R, can
be respectively written as

I
Ry =/ —.
klp

Here k is the physical trans-conductance parameter of the
MOS transistor, defined as k& = 8ﬂpcowp(Wp/Lp)g,10:
8unCO$n(Wn/Ln)11712. Ip is the bias current used to
control the intrinsic resistance at x port. In general,
CCCII can contain an arbitrary number of z terminals;
provide both directions of currents I, . The internal con-
struction of the CMOS CCCII is shown in Fig. 2.

It should be noted that the first CCCII in Fig. 1 should
has low impendance (R, = 0) by setting value of Ip;
at the highest possible value allowed by the proposed
configuration of CCCIIs in order to achieve low input
impedance of the first CCCII. The real limit of the bias
current is defined after simulation checks in Section 4.
Also, the graph of the bias current vs R, will be also
included. The second CCCII on Fig. 1 form current-mode
inverting lossless integrator. Considering the circuit in
Fig. 1 and using CCCII properties, the current transfer
function of second CCCII is written as

_ 1
SCRxQ '

(2)

Irs _
Ic

(3)

If Uinput(t) > 0, the current is conducted through
the NMOS transistors 77 to the output. However, if
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Table 1. Uncertainty Budget (the size of the error in determining the RMS value of the input voltage, which occurs as a consequence of
the non-ideal nature of the components applied in the circuit proposed in Figure 1)

Standard Sensitivi Contribution to
. R o ensitivity
Parameter Estimate uncertainty Type Distribution . the standard
coefficient .

(%) uncertainty (%)
R:2C 0.020 ms 0.58 B Uniform -0.50 0.29
t1 0.020 ms 0.58 B Uniform 3.00 1.73
o 1 0.58 B Uniform 0.50 0.29
AVr 1 0.58 B Uniform 0.50 0.29
kp/kn 0 0.58 B Uniform 0.50 0.29
XiVDSi 1 0.58* B Uniform 0.50 0.29
e 0 1.91

Vinput(t) < 0, the PMOS transistor T conducts the
current to the output. Hence, the current-voltage rela-
tionships of the MOS transistors are given by

n 2 kn
Im = (vast = Vrn) =5 Vi (t) 5 f0r vinpur(t) > 0,

2
k
_pvzznput (t) ’ for Vinput (t) <0. (4)

Ire= 5

NMOS and PMOS transistors conduct in opposite
halves of the input signal. Depending on the detected
sign of the input signal (the control signal Sign), over
the comparator, the position of the switches SW1 and
SW2 can be determined (CMOS analogue switch like
single-pole double-throw M axzim MAX319), and the cor-
responding threshold voltage is connected to y port of the
CCCII. Such control enables current input from the port
z4 on the integrator at the interval in which the input
voltage signal is positive, ie from the port z— when the
input voltage is negative. If the input amplitude is below
Vin(p) as in sub threshold circuits (very rare situation in
practical applications), we will need to boost the level of
the input signal. Assume that

()

knr1-13) = kp(T2) -
It follows that:

k
IC = _(ITl + ITQ) = _Evzgnput(t) . (6)
The voltage formed in this way at the condenser C' will
generate current which will be equalized with the current
of the T3 transistor

ty

1k, ko,
RIQC§ /vinput(T)dT = 5‘/07115@1) .
0

(7)

Irs =

From the above, it follows that

I
%ut(tl) = \/R ,C ‘/0 Uzznput (T)dT : (8)

By choosing R,2C = T and t; = T = 1/f, where
T is the period of the input complex signal, it is clear

that relation (8) represents a definition expression based
on which it is possible to calculate the effective value
of the input complex voltage signal. It is important to
note that (8) is valid for any input signal (sine-, square-
, triangular-wave), which is known to have a T' period.
The control signal Control can be generated in accordance
with the detected zero-crossing of the input signal, over
the edge-triggering 7' flip-flop. The flip flop toggles at
any negative-to-positive sign reversal. Integration over a
period occurs only if there is only a single zero-crossing
transition (with positive slope) in a signal period, which
is valid for most real signals. In the period in which the
SW3 close, the C' condenser is discharged to the zero
voltage, thus preparing the integrator for the next round
of charging process.

This kind of processing does not introduce limitations
regarding the type of the signal and number of harmonics,
that is being processed, ie this signal can contain non-
harmonic components as well (inter-harmonics and sub-
harmonics). However, it will be necessary to determine
the period of such a complex signal, as it was done in [26].
The proposed circuit is very appropriate for hardware re-
alization in integrated technology, and posses much sim-
pler structure than circuits described in [7,27-29].

3 ERROR ANALYSIS

Taking into account the non-ideal current gains of the
CCCIIs a7 and a9 (ignoring the effects of voltage gains),
the output voltage (Fig. 1) is given by

t1

1

RxQO /(alvz?nput (T)‘i‘ + a2vi2nput (T)—)dT ’
0

Vout (tl) =

Vinput (t) ) for Vinput (t) > 07
Vinput ( = 9
put (£)+ { 0, otherwise, ©)
(t) Uinput (t) ) fOI‘ vinput (t) < O )
Vinpu - = .
put 0, otherwise.

Therefore, the parameters o and as are in the form
of multiplier constants for cycles (two) of input voltage.
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If equation (5) is not satisfied, the following inequality is
obtained

Vout (tl) -
ty

1 k
R 2C /(alvzgnput(T)Jr + a2k_pvi2nput(7)*)d7— :
0

(10)

It is observed in (10) that the square of the negative
cycle of input signal is multiplied by k,/k, instead of
unity. Fortunately, using ECCIIs [30], a1 = ask,/kn =1
can be adjusted. It is obvious that the relation (8) is valid
under the ideal condition: R,oC = T = t1; a3 = 1;
ag =1; ky/kn =1; Nvpss =0, i = [1,2,3], where A,
the channel-length modulation parameter, models current
dependence on drain voltage due to the Early effect, or
channel length modulation. In proposed circuits vpg; =
VUGS -

If the body-effect is considered, body-source voltage
affects the threshold voltage, which is shown in equation

Vi = Vro+AVr = Vro+7(VVse + 20r—/2¢r) (11)

where Vr is the threshold voltage when substrate bias is
presented, Vsp is source-to-body substrate bias, 2pp is
surface potential, and Vg is threshold voltage for zero
substrate bias, v = (tox/aoz)\/m is body effect pa-
rameter, t,, is oxide thickness, ¢,, is oxide permittivity,
€s; is permittivity of silicon, N4 is doping concentration
and ¢ is charge of an electron. In the proposed peak de-
tector, each body of every MOS transistor is connected to
its source (Vg = 0) then Vp = Vg, except for central
positioned NMOS transistors in CCCIIs and transistors
Ty, To, and T3 (Fig. 1). The body of transistor T3 is
actually connected to Vsg , while its drain provides the
voltage output. This output offset voltage cannot be elim-
inated. When a small deviation offset occurs, the output
voltage, vout(t), in non-ideal condition becomes

Vout (tl) -

1
(1 + A3vps3)Re2C

t1
/ (alvzznput(T)-l‘(l + )‘IUDSI)
0

1/2
+ a2llj_:vi2nput(7—)— (1 + )\Q’UDSQ))dT] + AVp. (12)

A question is raised as of the nature of the output
voltage in the proposed RMS detector in circumstances
when ideal conditions are not met. For any divergence
in the value of the parameter in relation to its nominal
value, it is possible to determine the value of the output
voltage and calculate the ensuing error. For example, in
(12), parameter «agz is replaced with (1 + das/100)as,
where das represents the percentage divergence in the
value of the a3 parameter in relation to its nominal value,
then the value of the output voltage V,,: is calculated.
After this, the relative error in the measuring is calculated

e:Mm(y

(13)
Vers

But, how large is the uncertainty of error e, calculated in
this way, if there are known the partial uncertainties of
the parameters considered? The answer to this question
ought to represent the uncertainty budget which is based
on the procedures described in GUM [31], and has been
shown in Table 1.

The values in Table 1 correspond to the case where
all the parameters of interest are known within the limits
of £1% in relation to their nominal values, based on a
uniform distribution of probability. Further on, the input
voltage is formed in such manner that its DC component,
as well as amplitudes and phases of its harmonics, are set
in random manner (uniform distribution), respectively.
The specific nature of the uncertainty budget set in this
manner is reflected in the fact that for certain parameters
it is not possible to establish exact values for sensitivity
coeflicients, since the particular values are dependent on
the form of the input voltage vinpu:(t).

Intervals for possible values of those sensitivity coeffi-
cients, as well as their distributions, can be determined
by fairly large number of simulation of the measuring
procedure, by varying parameter values and harmonic
content of input voltage. (*Sensitivity to changes in cer-
tain factors is a function of the form of the input voltage
Vinput (t); *for practical reasons, uncertainty of parame-
ters A\;upg; has been expressed in percentages of one.).

e Sensitivity coeflicients for parameters
R.2C and \;vpg; do not depend on the waveform of
input voltage and are known exactly.

o For parameters «;, Avps; and kp/k,, it was found
that sensitivity coefficients have the values in the in-
terval from 0.0 to 0.5, with approximately uniform dis-
tributions.

e Sensitivity coefficient for parameter ¢; extends from
0.0 to approximately 3.0, with approximately hyper-
bolic distribution.

In Table 1, sensitivity coefficients take their maximum
values. For this case, the combined uncertainty is 1.9 %,
consequently, the expanded uncertainty (for a coverage
factor k = 2) is 3.8%. It is clear that this figures are
overestimated, but, for which amount? The GUM proce-
dures do not offer the answer.

Regardless of the fact whether the base for the analysis
of the uncertainty will be the uncertainty budget given in
Table 1, this Table is useful because it yields information
on the extent at which the variations in certain parame-
ters influence the precision of measuring.

If some entries in Table 1 already are determined using
simulations, varying parameters values and waveform of
input voltage, it is reasonable to attempts that complete
treatment of uncertainty estimation would be based on
simulation of measuring procedure, as it is suggested in
[31]. It can be expected that this approach offer more real-
istic uncertainty evaluation, given the fact that it does not
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Table 2. Dimensions of the Transistors

Transistor W (pm) L (pm)

M1-M8 5 0.5

M9-M10 16 0.25

M11-M12 8 0.25

M13-M15, M17-M19 15 0.5

M16 15.1 0.5

Error (%)
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Fig. 3. The distribution of errors, for the divergence in the value
of the parameters, from their nominal values
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Fig. 4. The distribution of errors, for the divergence in the value
of the parameters, from their nominal values in case of processing
the signal contain inter-harmonics

imply any assumptions, neither regarding the distribution
of the output value — the error in the measuring results,
nor the distributions of the sensitivity coefficients values.
Therefore, under the identical assumptions, we assumed
that the input voltage has randomly set DC component,
and amplitudes and phases of its harmonics; the observed
parameters gain, in random manner, the value within the
range of -1 % around their nominal values. The result of
implementation of the Monte Carlo variants is shown in
Fig. 3.

The expanded measuring uncertainty obtained here
amounts to 1.5%, and it ought to be compared with
the data obtained from the uncertainty budget (3.8%,
ie 1.6%). The estimated error is much lower then in
case of RMS detector presented in [27]. The number of

15

individual simulations in the presented case was 2200.
The simulations were performed assuming that the input
voltage Vinput (t) has a DC component and ten harmonics,
with randomly chosen amplitudes and phases. An almost
identical result is obtained in the event when the selected
number of harmonics is 3.

3.1 Impact of inter-harmonics and
sub-harmonics

The experiments were repeated, in case the input volt-

age Vinput(t) should contain inter-harmonics, in addition
to harmonics. The input voltage is represented by

Vinput (1) = Vo + Z Vi sin(iwt + ¢;)+

i=1
n—1 n—1
Z V! sin(Lwt + ;) + Z V! sin(Zwt 4+ @) . (14)
i=1 i=2

For the reasons of simplification, ie alleviating the com-
plexity of concrete calculations and reducing the time for
performing simulations, it was decided to apply n = 3.
No suppositions were made concerning the amplitudes
and phases of certain harmonics (ie the fact that am-
plitudes of harmonics in real systems tend to decrease,
the later in the sequence they occur, etc.). Parameters
Vo, VI, VI, i, &k, ¢! will gain random values within
the range from 0 to 1, ¢e within the range from 0 to 27.
The number of individual simulation was 1500 (Fig. 4).
The measuring uncertainty obtained here amounts to
1.4 %. It can therefore be concluded that the system func-
tions equally well when inter-harmonics are added to the
input voltage.

4 SIMULATION RESULTS

The working of the proposed circuit has been veri-
fied using PSpice simulation program. The PMOS and
NMOS transistors have been simulated by respectively
using the parameters of a 0.25 um TSMC CMOS tech-
nology [32]. The comparator has been simulated on base
of the realization described in [33]. Comparator detects
the passing of the voltage signal through zero, this way
achieving synchronization of the measuring cycle with
the frequency of the processed signal. This comparator
triggers at about 2.5 mV, so the error is about 20 ns.
This error can be ignored since there is no accumula-
tion. Switches SW1-SW3 have been simulated using the
parameters of CMOS analog switches MAX319/318 [34].
The positive-edge-triggered T flip-flop has been simulated
using the parameters of D flip-flop 74LVC1G80 [35]. The
aspect ratios of a PMOS and NMOS transistor are listed
in Table 2. Figure 2 depicts schematic description of the
CCCII used in the simulations. The circuit was biased
with +1.25 V supply voltages, C = 0.1 nF, Ig; = 260 uA
and Ipy = 100 pA. In addition, Vp; = —0.4238 V and
Vgea = 0.5536 V are chosen.
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Table 3. Simulation results of proposed RMS circuit in the SPICE program

Relative error

Type of input signal Amplitude Phase Obtained of measured
(V) (rad) RMS value RMS value
of voltage (%)
Vi=03 41 =0
Multi-harmonic sine signal Va=025 o =m7/2
N . Vs=10 Pz =0 0.291 0.13
Vinput (1) = 32, o Vesin(rwt +¢r) 7 .19 Ya=m/3
Vs =005 ts=n
Square-wave input signal 0.5 0.499 0.16
Triangular-wave input signal 0.5 0.288 0.14
o Resistance R, (€) spread). Within the observed temperature range (from
: —45°C to +145°C), the temperature coefficient T'C' of
3000 e S the proposed circuits was 30 ppm/Clels. The circuit spec-
2500 {---- - R R R ified in [37] can also be used along with the solution de-
2000 % - - ........................................ scribed in the paper.
5000\ .. ........................................ Figure 6 shows the relation of the bias current Ip vs
: port resistance R, for the proposed realization of the
1000 e U R A CCCII, implying the real limits of the bias currents in the
500 : ¥ R possible practical implementation of the proposed RMS
0 A o - detector. To achieve the conditions defined in Section 2,
: : : : : the bias current needs to be set as Ig; = 260 uA so as
0 50 100 150 200 250 300 to obtain low input port resistances of the first CCCII.

Bias current 7, (LA)

Fig. 6. Dependency of the port resistance of the bias current of the
proposed CCCII

The possible design of such bias voltages is shown in
Fig. 5, based on circuits proposed in [36]. In contrast
to the circuit described in [36], the simulation check in-
volved the parameters defined in [32], at temperatures
T = —45°C, T = 25°C and T = 145°C. At room
temperature, for supply voltage of 1.25V circuits gen-
erate voltage Vg = 0.424 V operating at 1.7 uA supply
current, and with ¢ = 0.81 % (reference voltage 1sigma

By changing the bias current Igs (second CCCII) we can
change the time constant of the realized integrator.

During the simulation, the parameters of the input
signals correspond to the values given in Table 3, with
fundamental frequency f = 1/T = 2.5 MHz. Figures 7
and 8 shows the typical performance characteristics of
the proposed detector.

The results shown in Table 3 and on Figs. 7 and 8
confirm the possibility of highly-precise determination of
the effective value of the input multi-harmonic signal, by
using the proposed circuit. An error in calculating the
RMS value of multi-harmonic signals is smaller than the
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Fig. 7. (a) — Performance vs crest factor, b — AC linearity

detector proposed in [10,38,39], where the structure of
the proposed circuits are much simpler then in [27].

In many applications, particularly in sensor signal pro-
cessing, the inputs and outputs need to be analogue so
that the unlimited resolution and accuracy that is possi-
ble with purely digital circuitry will not be available [40].

5 CONCLUSION

In this paper an electronically tuneable current-mode
RMS detector for measuring the RMS value of multi-
harmonic, band-limited input voltage signal has been pre-
sented. The proposed configuration is simple and can
be electronically controlled. The proposed circuit require
only single grounded capacitor as passive element, which
is advantageous in integrated circuit implementation and
high-frequency operations point of view. The calculation
of the effective value has been performed in full accor-
dance with the definition formula, successfully overcom-
ing almost all of the shortcomings that hindered the cal-
culation of the effective value using the realizations known
so far. The PSpice simulation results were depicted, and
agree well with the theoretical anticipation.
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